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N. farcinicaThe cell wall of Nocardia farcinica contains a cation-selective cell wall channel, which may be responsible for
the limited permeability of the cell wall of N. farcinica for negatively charged antibiotics. Based on partial
sequencing of the protein responsible for channel formation derived from N. farcinica ATTC 3318wewere able
to identify the corresponding genes (nfa15890 and nfa15900) within the known genome of N. farcinica IFM
10152. The corresponding genes of N. farcinica ATTC 3318 were separately expressed in the Escherichia coli
BL21DE3Omp8 strain and the N-terminal His10-tagged proteins were puriﬁed to homogeneity using
immobilized metal afﬁnity chromatography. The pure proteins were designated NfpANHis and NfpBNHis, for
N. farcinica porin A and N. farcinica porin B. The two proteins were checked separately for channel formation in
lipid bilayers. Our results clearly indicate that the proteins NfpANHis and NfpBNHis expressed in E. coli could
only together form a channel in lipid bilayer membranes. This means that the cell wall channel ofN. farcinica is
formed by a heterooligomer. NfpA and NfpB form together a channel that may structurally be related to MspA
of Mycobacterium smegmatis based on amino acid comparison and renaturation procedure.d Science, Jacobs University
y. Tel.: +49 421 200 3151;
z).
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The gram-positive bacterium Nocardia farcinica, together with
Nocardia nova and Nocardia asteroides sensu stricto, belongs to the so-
called N. asteroides complex whose members cause the majority of
human nocardioses [1].
Nocardia is a genus of gram-positive, strictly aerobic rod-shaped
bacteria belonging to the family Nocardiaceae of the suborder
Corynebacterineae and is mainly found in soil and water and even
in animal tissues [2]. At present many isolates are known, which can
be subdivided in non-pathogenic and pathogenic strains. Pathogenic
Nocardia strains can cause pulmonary nocardiosis, systemic nocar-
diosis and local extrapulmonary infections implying various clinical
symptoms [1,4,5]. Recently, N. farcinica was the most frequently
isolated species of Nocardiae in Japan and represented the main
causative organism for nocardiosis (http://nocardia.nih.go.jp/) [3]. In
many cases, predisposing factors such as underlying immunocom-
promising conditions including AIDS or immunosuppressive treat-
ment may facilitate infection although nocardiosis may also occur in
immunocompetent patients [6]. The intrinsic, multiple drug resis-tance is a serious problem for the treatment of nocardiosis because it
heavily relies on chemotherapy. On the other hand, there exists also
some interest in certain Nocardia species because some of them are
known to produce antibiotics and others degrade or convert aromatic
compounds [7,8].
N. farcinica and other nocardiae belong to the mycolic acid
containing actinomycetes, also known as mycolata [9]. The mycolata
comprisemicroorganisms, which cause themost dangerous infections
worldwide such as Mycobacterium tuberculosis (TBC, at present
3 million deaths/a), Mycobacterium leprae (lepra), Nocardia farcinica
(nocardiosis) and Corynebacterium diphtheriae (diphtheria) as well as
microorganisms used for the production of amino acids on industrial
scale such as Corynebacterium glutamicum and Corynebacterium
efﬁciens (glutamate production; worldwide about 340.000 t/a). Due
to their heterogeneity, their extreme acid resistance and their unusual
cell wall structure of the mycolata represent an interesting and
challenging research object because the cell wall represents an
additional permeability barrier for hydrophilic solutes besides the
cytoplasmic membrane [10,11].
The permeability barrier of the cell wall is formed by long mycolic
acids covalently linked to the arabinogalactan and additional free lipid
associatedwith themycolic acid layer [12]. Consequently, the cell wall
of the mycolata resembles the function of the outer membrane of
gram-negative bacteria forming an efﬁcient permeability barrier
composed of lipids and lipopolysaccharides [13].
Hence, channels for the passage of hydrophilic compounds have
been identiﬁed in the cell wall of somemembers of the mycolata such
as Mycobacterium chelonea [14], C. glutamicum [15] and Nocardia
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negative point charges. Cell wall channels are involved in drug uptake,
because the three important antimycobacterial drugs isoniazide,
ethambutol, and pyrazinamide can easily permeate through the
MspA channel of Mycobacterium smegmatis [17]. Eight MspA mole-
cules form the best studied outer membrane channel of the mycolata
[18]. So far, there is no signiﬁcant homology between MspA and other
known polypeptide subunits forming cell wall channels from other
species from mycolata, such as C. glutamicum [19] or C. diphtheriae
[20].
In this study, we were able to identify six subunits of the cell wall
channel of N. farcinica, which all code for proteins of about 20 kDa.
Two subunits, NfpANHis and NfpBNHis, of the cell wall channel were
heterologous expressed in Escherichia coli and puriﬁed to homogene-
ity. The two subunits form only together but not alone a cell wall
channel that may be structurally related to the channel formed by
MspA [18].
2. Materials and methods
2.1. Bacterial strains and growth conditions
N. farcinica N 236 IMMIB (ATCC 3318) was used in all the
experiments. The strain was grown in 500 ml Erlenmayer ﬂasks
containing 250 ml Brain Heart Infusion (BHI) broth at 36 1 °C using a
New Brunswick shaker at 120 rpm for 7 days. Cells were killed by
adding 1% formaldehyde to the growth medium and harvested by
centrifugation at 4000 rpm for 10 min.
E. coli strains were grown in LB medium or on LB agar plates at
37 °C with appropriate antibiotics (Sigma). E. coli strains Top10F′
(Invitrogen) and Neb5α (New England Biolabs) were both used for
the cloning procedure, whereas BL21DE3Omp8 [21] was utilized for
the expression experiments. 100 μg/ml ampicillin, 40 μg/ml kanamy-
cin and 25 μg/ml chloramphenicol were used for selection.
2.2. Isolation of the cell wall channel protein
The cell wall channel of N. farcinica N 236 IMMIB (ATCC 3318) was
isolated and puriﬁed essentially as has been described previously [16].
In brief, the cell pellet was washed with physiological saline and
centrifuged again. The cells were then resuspended in sterile distilled
water and homogenized using glass beads with a diameter of 0.17–
0.18 mm. The cell walls were prepared as described previously [22].
The cell wall pellet was treated with a number of different buffers to
remove most of the soluble cell wall components. Final puriﬁcation of
the channel-forming protein was achieved by excision of this band
from tricine-containing preparative SDS-PAGE and its extraction with
0.4% LDAO, 10 mM Tris–HCl, pH 8. Using this method the protein
appeared to pure.
2.3. Peptide sequencing
The puriﬁed protein with an apparent molecular mass of about
87 kDa was precipitated using trichloroacetic acid to remove the
detergent. The amino acid sequence of the peptide was determined by
the Edman degradation method using a gas phase sequenator (470A,
Applied Biosystems) with on-line detection of the amino acids.
Cyanobromide (CNBr) cleavage of the 87 kDa protein was performed
according to [23]. The cleaved peptides were puriﬁed by FPLC
followed by Edman degradation.
2.4. Cloning of the genes nfpA, and nfpB in porin deﬁcient BL21DE3Omp8
E. coli strain
Chromosomal DNA was used from N. farcinica N 236 IMMIB (ATCC
3318) in all the experiments. The expression plasmid pARAJS2 is aderivative of pET12a (Novagen) [24] and was used for genetic
complementation and expression experiments. Besides the ampicillin
resistance the vector contained the multi cloning site (MCS) with the
relevant restriction sites NcoI and Bsp1407I in 5′ to 3′ orientation. The
genes nfpA (i), and nfpB (ii), were ampliﬁed with standard PCR
methods in 25 μl reactions with 1× Taq buffer, 0.2 mM dNTPs, 2.5 mM
MgCl2, 1 U Taq DNA polymerase and 0.4 μM primers (see Table 3:
(i) FP nfpA NcoI and RP nfpA Bsp1407I; Bsp1407I; (ii) FP nfpB NcoI, RP
nfpB Bsp1407I). The PCR conditions were: initial denaturing at 95 °C
for 10 min, 30 cycles at 95 °C for 1 min, 50 °C for 1 min, 72 °C for 3 min
and ﬁnal extension at 72 °C for 10 min. PCR of FP nfpA NcoI and RP
nfpA Bsp1407I led to a speciﬁc 649 bp PCR of FP nfpB NcoI 1st, and RP
nfpB Bsp1407I to a 642 bp fragment.
The ﬁrst ampliﬁed fragment (649 bp) represents nfpA including 48
base pairs encoding the very ﬁrst 16 amino acids upstream of the
putative cleavage site (see Fig. 7) for the signal peptidase. In contrast,
the 642 bp fragment represents nfpB (nfa15900) including twelve
base pairs encoding the very ﬁrst four amino acids upstream of the
putative cleavage site for the signal peptidase. According to a
successful expression of MspA monomer without putative signal
peptide in porin deﬁcient BL21DE3Omp8 E. coli strain [25], gene nfpA
(nfa15890) was also cloned without putative signal peptide before
inserting in pARAJS2. However, no difference of channel-forming
properties could be observed between both NfpANHis (Nfa15890)
variants.
The ampliﬁed fragments nfpA, and nfpBwere cloned either into the
vector pJet (Fermentas) or pCR®2.1-TOPO® (Invitrogen), resulting in
the plasmids pCR®2.1-TOPO®_nfpA and pJET1_nfpB. The ligation
products were transformed into E. coli TOF10F´ and E. coli Neb5α
cells via heat-shock and the correct plasmid recombinants were
determined by colony PCR using the primer pair FP pJet1/RP pJet1
and FP M13/RP M13, respectively. All plasmids were checked by
sequencing (SEQLAB, Göttingen). Furthermore, pCR®2.1-TOPO®_nfpA
and pJET1_nfpB were digested with NcoI and Bsp1407I (at a ratio of
1:1, 1*Tango buffer), and ligated into NcoI and Bsp1407I treated
pARAJS2 vector. The ligation procedure led to the expression vectors
pARAJS2_nfpA and pARAJS2_nfpB, containing the recombinant genes
nfpANHis and nfpBNHis, respectively. All plasmids were sequenced prior
to the transfection of BL21DE3Omp8 E. coli cells.
Competent E. coli BL21DE3Omp8 cells were transformed with the
plasmids pARAJS2_nfpA and pARAJS2_nfpB according to a slightly
modiﬁed standard electro-transformationmethod via electroporation
at 600 Ω, 25 μF und 2.5 kV in a multiporator (Eppendorf).
2.5. Puriﬁcation and expression of the recombinant proteins NfpANHis
and NfpBNHis
The porin deﬁcient BL21DE3Omp8 E. coli cells containing one of
the expression plasmids were grown at 37 °C in LB medium to an
OD600 of 0.5–0.7 using the appropriate selection of antibiotics. Then
the cells were transferred to room temperature (RT) and expression
was induced after 30 min of adaptation by adding 0.02% arabinose to
the culture media. After 16 h cells were collected by centrifugation at
5000×g for 10 min at 4 °C and resuspended in 10 mM Tris pH 8.
Protease inhibitor cocktail (Calbiochem) was added before disrupting
the cells by a French pressure cell. Cell debris was collected by
centrifugation at 5000×g for 10 min at 4 °C. The supernatant was
ultra-centrifuged at 48,000×g for 1 h at 4 °C to obtain the membrane
pellet. Nfp monomers were puriﬁed from the supernatant as well as
from the membrane pellet. For puriﬁcation under native conditions
the membrane pellet was resuspended in 10 mM Tris, 2% Triton pH
8 and protease inhibitor cocktail set II (Calbiochem)was added before
shaking the suspension for 30 min at RT followed by ultra-centrifu-
gation at 48,000×g for 30 min at 4 °C. Isolation from the supernatant
under native conditions was performed suspending 1 ml of the above
described membrane supernatant in 4 ml 10 mM Tris/200 μl Ni-
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sive washing with 10 mM Tris/1% Triton/80 mM imidazole pH 8, the
protein was eluted with a solution containing 10 mM Tris/1% Triton
supplemented with 500 mM imidazole pH 8.2.6. Renaturation of protein following the ammonium sulfate
precipitation procedure
The renaturation of NfpANHis and NfpBNHis from the inclusion
bodies was performed as has been described previously for heterol-
ogous expressed MspA of M. smegmatis used for crystallization [18].
Following this procedure NfpANHis and NfpBNHis were precipitated
with saturated ammonium sulfate solution. A volume of 100 μl
composed of 50 μl of detergents solution containing equal amounts
of puriﬁed NfpANHis and NfpBNHis was incubated in 600 μl saturated
ammonium sulfate diluted with 300 μl distilled H20. The sample was
centrifuged at 18,000×g for 30 min at 4 °C. The supernatant was
discarded and the pellet was dried using a Speed-Vaq. Subsequently,
the pellet was resolved in 10 mM Tris/1% Triton/150 mM NaCl pH
8 and incubated for 12 h at 4 °C.2.7. SDS-PAGE and Western blotting
Sodium dodecylsulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) was performed according to the Laemmli gel system [26].
Proteins were separated by 8 to 12% SDS-PAGE under denaturing
conditions (solubilized at 100 °C for 10 min in 4x SDS sample buffer 1
before loading onto the gel) at 110 V, 20 °C and under non-denaturing
conditions (solubilized at 30 °C in 4× SDS sample buffer without
bromphenol and ß-mercaptoethanol before loading onto the gel) for
80 V, 4 °C by using a Bio-Rad electrophoresis system. After electro-
phoresis the gels were either stainedwith silver [27] or electroblotted.
In the latter case, proteins were transferred to a 0.1 μm nitrocellulose
(NC) membrane (Protran, BA79, Whatman). The blotting was
performed in a wet tank blot system (Biorad) with Towbin buffer
(25 mM Tris-Base, 192 mM glycine, 20% methanol) at 350 mA current
[28]. Due to the low molecular mass of the monomers the blotting
time was set to 15 min. Before probing with antibodies, unspeciﬁc
binding sites on the membrane were blocked with 5% skimmed milk
in TBS-T buffer (20 mM Tris–HCl, 0.01 M NaCl, 0.1% Tween, pH 7.5).
The presence of unmodiﬁed or His-tagged proteins was investigated
with monoclonal mouse Anti-His-tag antibodies (Amersham Bios-
ciences, UK) at a dilution of 1:5000. Bound antibodies were detected
using horseradish peroxidase-conjugated anti-mouse antibodies at a
dilution of 1:5000. The bands were detected by chemiluminescence
using the ECL Western blotting detection system (GE Healthcare, UK)
according to the manufacturer's instructions.2.8. Planar lipid bilayer assay
The methods used for black lipid bilayer experiments have been
described previously [29,30]. The instrumentation consisted of a
Teﬂon chamber with two compartments separated by a thin wall and
connected by a small circular hole with an area of 0.4 mm2. The
membranes were formed from a 1% (w/v) solution of diphytanoyl
phosphatidylcholine (PC) (Avanti Polar Lipids, Alabaster, AL) in n-
decane. The protein-containing fractions were added to the aqueous
phase after the membrane had turned black to one side of the
membrane (the cis side). Themembrane currentwasmeasuredwith a
pair of Ag/AgCl electrodes with salt bridges switched in series with a
voltage source and a highly sensitive current ampliﬁer (Keithley 427).
The temperature was kept at 20 °C throughout. Voltage-dependence
of the pores was examined as described previously [31] using
membrane potentials as high as −200 mV to +200 mV.3. Results
3.1. Identiﬁcation of genes coding for elements of the cell wall channel in
the genome of N. farcinica IFM 10152
Rieß et al. [16] identiﬁed a channel-forming protein in the cell wall
of N. farcinica IMMIB with an apparent molecular mass of 87 kDa. This
band dissociated into two putative subunits of 19 kDa and 23 kDa
after boiling. The isolation and puriﬁcation of oligomeric 87 kDa
protein from N. farcinica N236 IMMIB (ATCC 3318) cells were
repeated in this study using essentially the procedure employed
previously [16]. The puriﬁed oligomeric 87 kDa protein was partially
sequenced by N-terminal Edman degradation procedure. A sequence
of 21 amino acids of the N-terminus of one (or both) of the
prospective subunits was obtained by this procedure:
DTFVPLPGGQIV/(T)KPLDNXTDV. Similarly, the 87 kDa protein was
subjected to cyanobromide (CNBr) cleavage and one partial sequence
was obtained from Edman degradation of the cleaved and puriﬁed
peptides. This sequence contained the following 31 amino acids:
MAANGAGRVVWVSGNAQA/(V)DVTG/(V)G/(T)PENXVGP/(K)N. Sig-
nals in ﬁve positions could be explained by two different amino
acids, presumably because of the two subunits of the 87 kDa complex.
Consequently the 87 kDa protein was boiled and the low molecular
mass subunits were again subjected to CNBr-cleavage and Edman
degradation. Some partial peptides showed agreement with the N-
terminus described previously. Another partial peptide identiﬁed by
this procedure had the sequence: MQXTPVHRNAXVXGSAQ where X
represented the not identiﬁed amino acids.
The results of the amino acid analysis of the N-terminal end of the
N. farcinica ATCC 3318 cell wall channel and the CNBr cleavage of the
low molecular subunits revealed three different partial peptide
sequences. All partial sequences were blasted against the protein
database of the NCBI containing the genome of N. farcinica IFM 10152
[32]. The search (see Fig. 1) suggested that six hypothetical proteins
coded by six ORFs of N. farcinica IFM 10152 (nfa15890, nfa15900,
nfa33390, nfa33400, nfa49580 and nfa49590) revealed some homology
to the partial sequences. The proteins with molecular masses of about
20 kDa showed an overall homology of 59% with one another, which
indicated that they all were related to the subunits of the cell wall
channel of N. farcinica ATCC 3318. Computational analyses of the six
hypothetical proteins suggested putative signal peptides (http://
www.cbs.dtu.dk/services/SignalP) at the N-termini of the proteins,
obligatory for proteins that are exported by the Sec apparatus [33].
Similarly, the six hypothetical proteins exhibited some similarity to
the cell wall channel MspA ofM. smegmatis [25] and to MspA identical
proteins ofMycobacterium phlei (MppA) and Tsukamurella inchonensis
(TipA) [34] (see Discussion section).
The genetic organization of the genes coding for the six proteins
homologous to the partial peptides derived from the 87 kDa cell wall
channel of N. farcinica ATCC 3318 is such that the 6 genes appeared to
be organized in pairs arranged directly behind one another. This holds
for nfa15890 and nfa15900, nfa33390 and nfa33400 and nfa49580 and
nfa49590, respectively. Moreover, respective tandem genes nfa15890–
nfa15900 are encoded by plus strand, whereas nfa33390–nfa33400
and nfa49580–nfa49590 are encoded by minus strands. The tandem
genes are presumably transcribed together, which means that two
homologous proteins could be needed to form an active oligomeric
cell wall channel. Interestingly, homologous proteins Nfa15890,
Nfa33400 and Nfa49590 have a higher similarity to one another
than to the other three putative channel-forming proteins Nfa15900,
Nfa33390 and Nfa49580, which also exhibit a higher homology to one
another. This means that the three putative cell wall channel subunits,
whose transcriptional genes are located next to the 5′ ribosome
binding site have a greater homology to each other than to their
putative partners, whose transcriptional genes are arranged directly
behind, respectively.
Fig. 1. Blast analysis of the partial peptides derived from Edman degradation of the native
and trypsin-digested87 kDapore-forming complexand its subunits. The partial sequences
wereblasted against the protein database of theNCBI containing the genomeofN. farcinica
IFM 10152 [32] using Pole Bioinformatique Lyonnaise Network Protein Sequence Analysis
(http://npsa-pbil.ibcp.fr). Six ORFwithin the genome ofN. farcinica IFM 10152were found
to code for proteins homologous to the partial peptides. Identical amino acids in all six
partial sequences are highlighted in green. The predicted N-terminal cleavage site is
marked by an arrowhead.
Table 1
Oligonucleotides used in this study. For cloning of the genes nfpA and nfpB of N. farcinica
ATTC3318 corresponding to nfa15890 and nfa15900 of N. farcinica IFM 10152 total DNA
of N. farcinica ATTC 3318 was used as a template and the primers given below.
Recognitions sites for restriction enzymes are bold and underlined. Binding positions
within the genome of N. farcinica IFM 10152 are listed on the right.
Oligonucleotides Sequence 5′→3′ Position
FP nfpA NcoI TCG GGA TCC ATG GCG CCG
CCA CCA T
1741506–1741531
RP nfpA Bsp1407I CTT CAT AGT TCT GTA CAA
CCC CTC CG
1742175–1742201
FP nfpB NcoI CGG CAT GCT GTC CCA TGG TGC
GGC CAA C
1742270–1742298
RP nfpB Bsp1407I GTC CGC GAG CGT TGT ACA
GCG CCG GAT CAG
1742868–1742898
FP M13 GTA AAA CGA CGG CCA G –
RP M13 CAG GAA ACA GCT ATG AC –
FP pJet1 GCC TGA ACA CCA TAT CCA TCC –
RP pJet1 GCA GCT GAG AAT ATT GTA GGA GAT C –
FP pARAJS2 GCA CGG CGT CAC ACT TTG C –
RP pARAJS2 GAC CCG TTT AGA CCG CCC –
Table 2
Molecular masses of the recombinant Nfp monomers and the precursor Nfa subunits
received by computational and empirical analysis. Total theoretical masses for NfpANHis,
and NfpBNHis were calculated by the ExPASy Tool (http://expasy.org/tools/pi_tool.html)
and resulted in molecular masses of 25.2 kDa and 24.7 kDa, respectively. The apparent
molecular masses derived from the gels were about 30 kDa and 29 kDa for NfpANHis,
NfpA and NfpBNHis, respectively, which had similarly to previous results also a little
higher apparent mass than the theoretical ones [16].
Protein Amino
acids
Computational
calculated
masses
Difference between
calculated and
empirical masses
Empirical masses
(4× SDS sample
buffer)
Nfa15890
(processed)
191 19.1 kDa +4.9 kDa ~24 kDa
NfpANHis 246 25.2 kDa +5.8 kDa ~31 kDa
Nfa15900
(processed)
198 19.7 kDa +4.3 kDa ~24 kDa
NfpBNHis 240 24.7 kDa +5.3 kDa ~30 kDa
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Nfa15900 (NfpB)
The two putative subunits of the cell wall channel Nfa15890 and
Nfa15900 exhibit the highest homology to the three partial peptides
derived from Edman degradation (see Fig. 1). Therefore we decided to
check the gene products of nfa15890 and nfa15900 for channel
formation in lipid bilayer membranes. Tandem genes nfa15890 and
nfa15900 of N. farcinica IFM 10152 [32] together with the intergenc
region (56 bp) have a total size of 1451 nucleotides. The genes
nfa15890 and nfa15900, code for 234 and 229 amino acids,
respectively. The molecular masses of the mature proteins coded by
the two genes were calculated assuming the presence of putative
signal peptides as suggested by Edman degradation of the N-terminus
of the 87 kDa protein and the two subunits.
For cloning of the genes corresponding to nfa15890 and nfa15900 of
N. farcinica IFM10152, denoted furthernfpAandnfpB,weused totalDNA
of N. farcinica ATTC 3318 as a template and the primers given in Table 1.
Surprisingly, the genes nfpA and nfpB showed only two and seven,
respectively, nucleotide exchanges as compared to nfa15890 and
nfa15900 of N. farcinica IFM 10152. The protein sequences NfpA (for
porin A of N. farcinica ATTC 3318) and NfpB (for porin B of N. farcinica
ATTC 3318) as derived from the genes were found to be identical to
Nfa15890 and Nfa15900 of N. farcinica IFM 10152, respectively. For the
expression of the two subunits in E. coli we constructed an expression
plasmid as described below. In addition, a His10-tagwas added to theN-
terminal ends of the two proteins for their easy puriﬁcation by IMAC.
The protein NfpANHis was derived from nfpA minus the very ﬁrst 83
nucleotides. One potential ATG translation site of gene coding for NfpA
was substituted by one ATG within the ORF of the expression vector
pARAJS2. The total ORF within plasmid pARAJS2 contained severalpotential ATG translation sites, the part coding for signal peptide OmpT,
the recognition site OmpT, and nucleotides coding for 10×histidine
residues linked to a XA recognition site (AEGR) andﬁnally the gene nfpA
described in 5′→ 3′ orientation. Computational translation by ExPASy
(Expert Protein Analysis System; http://expasy.org/tools/pi_tool.html)
Tool resulted in a total of 246 amino acids for NfpANHis (Table 2).
Similarly, NfpBNHis was derived from the second gene nfpB minus the
veryﬁrst 86 bp. The newORF coding forNfpBNHiswas constructed in the
same way as mentioned above for NfpANHis resulting in a total of 240
amino acids (Table 2).
Total theoretical masses for native mature NfpA (Nfa15890) and
NfpB (Nfa15900) proteins were calculated by the ExPASy tool (http://
expasy.org/tools/pi_tool.html) and resulted in molecular masses of
19.1 kDa and of 19.7 kDa, respectively. Both of them differed
somewhat from the apparent molecular masses around 24 kDa
derived previously from SDS-PAGE [16] (see Fig. 7). The proteins
expressed using plasmid pARAJS2 had theoretical masses of 25.2 kDa
(NfpANHis) and 24.7 kDa (NfpBNHis) because of the additional mass of
the His10-tag. SDS-PAGE conﬁrmed these molecular masses; the
apparent molecular masses derived from the gels were about 30 kDa
and 29 kDa for NfpANHis and NfpBNHis, respectively. Hence, the
recombinant proteins had in similarity to the native proteins a little
higher apparent mass than the theoretical ones [16] (see Table 2).
3.3. Expression and puriﬁcation of the recombinant proteins NfpANHis,
and NfpBNHis
E. coli cells which transformed with pARAJS2 were grown in LB
media to mid-exponential phase before 0.02% arabinose was added.
Fig. 2. SDS-PAGE andWestern blotting analysis showing His-tagged NfpANHis and NfpBNHis
proteins of N. farcinica separately expressed in E. coli BL21DE3Omp8 cells and puriﬁed by
afﬁnity chromatography. (A) 12% SDS-PAGE of the eluted, puriﬁed NfpANHis and NfpBNHis
proteins. The positionsofmolecularmass standards in kDa are shown at the left side. Lane1:
puriﬁed NfpANHis; lane 2: puriﬁed NfpBNHis; lane 3: control; lane 4: 1st washing step
NfpANHis; lane 5: 1stwashing stepNfpBNHis. 3 μg of thepure proteinswas solubilized at 40 °C
for 30 min in 5 μl sample buffer. The gelwas stainedwith silver [27]. (B)Western-blotting of
recombinant NfpA/NfpB proteins. Separation of puriﬁed NfpANHis, puriﬁed NfpBNHis and
puriﬁedNfpA´NHis was performed on an 8% SDS-PAGE in order to optimize similarmolecular
weight separation. 3 μg of the pure proteins were solubilized at 40 °C for 30 min in 5 μl
sample buffer. After blotting to a nitrocellulose membrane, His-tagged proteins were
detected by an anti-His-tag antibody. A chemiluminescent reaction was used for
visualization. The positions of molecular mass standards in kDa are shown at the left side.
Lane 1: puriﬁedNfpANHis lane 2: puriﬁedNfpBNHis; lane 3: puriﬁedNfpA′NHis; lane 4: control.
Fig. 3. Single channel recordings of diphytanoyl phosphatidylcholine/n-decane membranes
proteins (C). (A) 60 ng/ml and 120 ng/ml NfpANHis were added to the aqueous phase one s
added to the aqueous phase one side (the cis side) of a membrane (arrows). (C) 30 ng/m
aqueous phase on the cis side of a membrane (arrow). Note that channel formation only
contained 1 M KCl and the applied membrane potential was 20 mV; T=20 °C.
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disrupted by a French pressure cell. Cell debris was collected by
centrifugation and the supernatant was ultra-centrifuged revealing a
membrane pellet. The samples were examined by SDS-PAGE and
Western blot for protein expression. Recombinant Nfp monomers
were present in cytoplasmic and outer membrane fractions after
heterologous expression in a porin deﬁcient BL21DE3Omp8 E. coli
strain. The protein could be puriﬁed from both fractions. The
supernatants containing the His-tagged putative Nfp subunits were
loaded to Ni-Sepharose™ High Performance beads. Beads with bound
proteins were washed until no impurities were detectable after silver
staining of the wash fractions. Then the proteins were eluted with
imidazol and detergent solution. The results of the puriﬁcation
procedure are shown in Fig. 2A. Lane 1 and lane 2 show puriﬁed
NfpANHis and NfpBNHis with apparent molecular masses of 31 kDa and
30 kDa, respectively. This is in good agreement with the calculated
masses (see Table 2). For control purpose, BL21DE3Omp8 E. coli cells
grown without Nfp plasmids were treated in the same way as cells
producing the Nfp recombinant proteins. Lane 3 of Fig. 2A shows that
the control cells caused no silver-stained band on the gel. Immuno-
blotting of the SDS-PAGE using anti-His antibody (Fig. 2B) demon-
strated that the recombinant Nfp proteins were expressed in the E. coli
BL21DE3Omp8 cells.3.4. The single polypeptides NfpANHis and NfpBNHis do not form channels
The cell wall channel of M. smegmatis is an octamer of eight
identical MspA subunits without any indication that other polypep-
tides could be involved [18]. In contrast to this, the cell wall channel of
N. farcinica is likely to be formed by a heterooligomer because the
87 kDa dissolves in two subunits [16]. Furthermore the genes coding
for NfpA and NfpB are arranged close to one another within the
chromosome. Both subunits were separately expressed in E. coli and
puriﬁed to homogeneity by immobilized metal afﬁnity chromatogra-
phy to check if NfpANHis or NfpBNHis show channel-forming activity.
The single polypeptides were not able to form channels in the lipid
bilayer assay (see Fig. 3). Channel forming activity was deﬁnitely only
observed when both recombinant Nfp proteins were mixed 1:1 in the
detergent solution and added together to the membranes after
ammonium sulfate precipitation followed by detergent treatmentin the presence of recombinant NfpANHis (A), NfpBNHis (B) and an 1:1 mixture of both
ide (the cis side) of a membrane (arrows). (B) 60 ng/ml and 120 ng/ml NfpBNHis were
l of the reconstituted 1:1 mixture of puriﬁed NfpANHis and NfpBNHis was added to the
occurred when both proteins were present in the aqueous phase. The aqueous phase
Table 3
Average single-channel conductance, G, of the cell wall channel NfpA/NfpB of N.
farcinica ATTC 3318 in different salt solutions.a
Salt concentration [M] G [nS]
Recombinant Native MspA
NfpA/NfpB NfpA/NfpBb M. smegmatisc
LiCl 1.0 1.5 1.4 2.0
KCl 0.10 0.65 0.70 1.4
1.0 3.1 3.0 4.1
KCH3COO (pH7) 1.0 2.1 2.0 3.9
a The membranes were formed of diphytanoyl phosphatidylcholine dissolved in n-
decane. The aqueous solutions were unbuffered and had a pH of 6 unless otherwise
indicated. The applied voltage was 20 mV, and the temperature was 20 °C. The average
single-channel conductance, G, was calculated from at least 70 single events from the
right-hand maxima of the histograms (see Fig. 4).
b The data for native NfpA/NfpB were taken from Rieß et al. [16].
c The data for the cell wall channel of M. smegmatis were taken from Trias and Benz
[36].
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crystallization of MspA, whichwas precipitated prior to crystallization
with saturated ammonium sulfate [18]. Fig. 3 shows a current
recording of a PC membrane in the presence of 30 ng/ml of such a
mixture of NfpANHis and NfpBNHis added to the cis-side of the
membrane. It is obvious from the experiment that the proteinmixture
formed deﬁned channels that were not observed if only NfpANHis
alone or NfpBNHis alone were added to the membrane at the same
concentration (see Fig. 3). The single-channel conductance was for
most of the conductance ﬂuctuations between 2.5 nS and 3.5 nS
(about 70% of the events), whereas only 12% of the events had a
conductance of about 1.5 nS in 1 M KCl (see Fig. 4A). It is noteworthy
that native N. farcinica porin also showed a major single-channel
conductance of about 3.0 nS besides some minor ﬂuctuations around
1.5 nS in 1 M KCl solution [16] (see Fig. 4B). Similarly, experiments
with other salts and concentrations support the view that the channel
formed from NfpA and NfpB showed the same conductance as
observed previously for the 87 kDa protein derived from N. farcinicaFig. 4. Histogram of the probability P(G) for the occurrence of a given conductivity unit
observed with lipid bilayer membranes in the presence of recombinant NfpA/NfpB (A)
or native 87 kDa cell wall protein (B). P(G) is the probability that a given conductance
increment G is observed in the single-channel experiments. It was calculated by
dividing the number of ﬂuctuations with a given conductance increment by the total
number of conductance ﬂuctuations. (A) The membranes were formed from
diphytanoyl phosphatidylcholine/n-decane and the aqueous phase contained 30 ng/
ml of the reconstituted 1:1 mixture of puriﬁed NfpANHis and NfpBNHis added to the cis
side of the membranes and 1 M KCl. The average single channel conductance of the
right side maximum was 3.1 nS for 234 single channel events. The applied membrane
potential was 20 mV; T=20 °C. (B) The membranes were formed of PC/PS (molar ratio
4:1)/n-decane and the aqueous phase contained 1 M KCl and 10 mM Tris–HCl, pH 8 and
10 ng/ml 87 kDa protein of N. farcinica ATTC 3318. The applied membrane potential
was 10 mV; T=20 °C. The average single-channel conductance was 3.0 nS for 105
single-channel events (right-hand maximum). The data were taken from Rieß et al.
[16].(see Table 3). Similarly, the conductance of the NfpA/NfpB channel in
different salt solutions was approximately similar to that of the MspA
channel of M. smegmatis [36] (see also Table 3).
3.5. Effect of pH on the channel properties
Rieß et al. [16] already demonstrated previously that the aqueous
pH ranging from pH 6 to pH 8 had no inﬂuence on the conductance of
the channels formed by the nativeN. farcinica porin.Only the decrease
of pH from 6 to 4 resulted in the decrease of single-channel
conductance. To check if a similar effect was also observed for the
channels formed by the recombinant proteins, these experiments
were repeated with puriﬁed NfpANHis and NfpBNHis after mixing and
renaturation. In agreementwith the previous results we found also for
their single-channel conductance a range between 2.5 nS and 3.5 nS
in 1 M KCl for pH change from pH 6 to 8. Hence, also the channels
formed by the recombinant proteins NfpANHisBNHis showed little or no
pH-dependence in this range. When the pH was lowered to 5, the
conductance decreased to values of about 2.0 to 2.5 nS and for pH 4 to
about 1.75 to 2.25 nS. The results at pH 4 and 5 fully agreed with the
results previously obtained with the pure, native channel-forming
protein of N. farcinica [16], indicating that the channel-forming
activity decreased when the proton concentration increased. This
means that the results obtained in this study conﬁrmed those
obtained previously from the native cell wall channel of N. farcinica.
3.6. The channel formed by NfpANHisBNHis of N. farcinica is voltage-
dependent in an asymmetric manner
Asymmetric voltage-dependence is another interesting feature of
the cell wall channel of N. farcinica [16]. We checked if the channel
formed by a combination of the two recombinant proteins NfpANHis
and NfpBNHis formed also voltage-gated channels. Fig. 5 shows such an
experiment for asymmetric addition of the proteins to the cis-side of a
black diphytanoyl phosphatidylcholine/n-decane membrane. After
the incorporation of 125 channels in themembrane, ﬁrst +10 mV and
then−10 mVwere applied to the cis-side of the membrane. Then the
experiment was repeated with ±20, 30, 40, 50, 60, 70 and 80 mV. The
membrane current started to decrease when −30 mV but not when
+30 mV was applied. For higher voltages membrane current
decreased only when voltages had negative sign at the cis-side. This
result agreed nicely with the previous data of [16], which demon-
strated that the cell wall channel of N. farcinica showed only voltage-
gating for negative sign of the voltages at the cis-side starting with
about −40 mV. For positive potentials at the cis-side the current did
not decrease, even for membrane potentials as high as 160 mV. The
data of the voltage-dependence of the channel formed by the
Fig. 5. Study of the voltage-dependence of the 1:1 mixture of puriﬁed NfpANHis and NfpBNHis. 200 ng/ml of the cell wall channel protein was added to the cis side of a diphytanoyl
phosphatidylcholine/n-decane membrane and the reconstitution of the channels was followed for about 30 min. When about 125 channels were reconstituted into the membrane
increasing positive (upper traces) and negative voltages (lower traces) were applied to the cis side of the membrane and the membrane current was measured as a function of the
time. The aqueous phase contained 1 M KCl, pH 6; T=20 °C.
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been shown previously [16]. The membrane conductance (G(Vm)) as
function of voltage Vmwasmeasuredwhen the opening and closing of
channels reached an equilibrium, i. e. after the exponential decay of
the membrane current following the voltage step Vm. G(Vm) was
divided by the initial value of the conductance G0, which was a linear
function of the voltage and obtained immediately after the onset of
the voltage. Fig. 6 shows the analysis of the data of Fig. 5 and similar
experiments. These results demonstrated again that recombinant
NfpANHisBNHis exhibited the same biophysical properties as the native
cell wall channel. This is also shown in Fig. 6 which shows the
previous data obtained from the native porin of N. farcinica [16].Fig. 6. Ratio of the conductance G at a given membrane potential Vm divided by the
conductanceG0 at 10 mVasa functionof themembranepotential Vm. The full squares show
measurements similar to those of Fig. 5, in which the 1:1mixture of NfpANHis and NfpBNHis
N. farcinicawas added in a concentration of about 200 ng/ml to the cis side of amembrane.
The closed circles show measurements with 100 ng/ml native porin of N. farcinica also
added to the cis sideofmembranes. These datawere taken fromRieß et al. [16] fromPC/PS-
membranes (molar ratio 4:1) dissolved in n-decane. Themembranepotential refers always
to the cis-side of the membrane. The aqueous phase contained 1 M KCl, pH 6.3.7. Comparison of NfpA and NfpB with MspA of M. smegmatis
Mature proteins NfpA (identical to Nfa15890) and NfpB (identical
to Nfa15900) have a similar length as MspA ofM. smegmatiswith 234,
229 and 211 amino acids, respectively (Fig. 7). To investigate if NfpA
and NfpB were homologous to MspA, an amino acid sequence
alignment of the three proteins was performed using Pole Bioinforma-
tique Lyonnaise Network Protein Sequence Analysis (http://npsa-pbil.
ibcp.fr). The alignment suggested an overall amino acid sequence
identity of 11% between NfpA, NfpB and MspA, wheras the identity
between NfpA and NfpB was about 52% (see Fig. 7). Amino acid
comparison of the pairs NfpA–MspA and NfpB–MspA showed higher
sequence identity up to 21% for the pair NfpA–MspA (data not shown).
This could mean that NfpA and MspA could be ancestors of one
another. Interestingly, all 6 putative channel-forming subunits coded
by ORFs from the genome of N. farcinica IFM 10152 share similar
lengths. Fig. 7 demonstrates the highest amino acid identities among
mature Nfa15890, Nfa33400 and Nfa49590, whose corresponding
transcriptional genes are located next to the 5′ ribosome binding site.
Amino acid sequence identity is 60% for these proteins. In addition the
comparison shows 6% conserved amino acids. The highest variation of
amino acids was found for the putative signal sequences, an
observation that has also been made for the different proteins
homologous to MspA in M. smegmatis [35].4. Discussion
4.1. Identiﬁcation of the subunits of the cell wall channel of N. farcinica
An oligomeric 87 kDa protein was previously found to be
responsible for the cell wall channel of N. farcinica ATTC 3318 [16].
The isolation procedurewas repeated and the 87 kDa complex and the
subunits around 20 kDa were subjected to N-terminal Edman
degradation. Three different peptides were obtained by this proce-
dure. The peptides were blasted against the known genome of
N. farcinica IFM 10152 [32]. Six genes coding for hypothetical proteins
with molecular masses around 20 kDa were found within the genome
that exhibited high homology to the partial peptides.
Fig. 7. Amino acid sequence alignment of the proteins NfpA′ (1), NfpB (2) andMspA (3). The alignment was performed using Pole Bioinformatique Lyonnaise Network Protein Sequence
Analysis (http://npsa-pbil.ibcp.fr). The protein sequences NfpA (for porin A of N. farcinica ATTC 3318) and NfpB (for porin B of N. farcinica ATTC 3318) as derived from the corresponding
geneswere found tobe identical toNfa15890andNfa15900ofN. farcinica IFM10152, respectively. Amino acids identical inall three proteins are highlighted ingreen, conserved amino acid
residues are given inblue and identical amino acidswithin only twoproteins are highlighted in yellow. ThepredictedN-terminal cleavage sites of the recombinantproteinsNfpA´ andNfpB
and that ofMspAaremarkedbyarrowheads, respectively. Theﬁrst sevenamino acids derived from theN-terminal 21 amino acids containingpartial peptide sequence of the nativemature
N. farcinica protein are bold and underlined in NfpA′ and NfpB. The MspA monomer contains twelve beta-sheet domains framed in red color [18].
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the highest homology to the partial sequences. Consequently the
corresponding genes of N. farcinica ATTC 3318 (nfpA and nfpB) were
cloned using total DNA of N. farcinica ATTC 3318 as template and
sequenced. The genes coding for NfpA (N. farcinica porin A) and NfpB
(N. farcinica porin B) were almost identical to nfa15890 and nfa15900,
respectively, because they showed only between two and seven
mutations of bases, respectively. The primary sequences of NfpA and
NfpB of N. farcinica ATTC 3318 were identical to Nfa15890 and
Nfa15900, of N. farcinica IFM 10152.
4.2. The genome of N. farcinica IFM 10152 contains the genes coding for
six homologous proteins
Blast search within the genome of N. farcinica IFM 10152 revealed
the presence of six ORFs that could code for six hypothetical subunits
of the cell wall channel. Interestingly, the genes coding for the
proteins were organized as pairs with only short region between the
genes of less than 100 bases. This holds for nfa15890 and nfa15900,
nfa33390 and nfa33400 and nfa49580 and nfa49590, respectively.
Moreover, respective tandem genes nfa15890–nfa15900 are encoded
by plus strand, whereas nfa33390–nfa33400 and nfa49580–nfa49590
are encoded by minus strands. The different genes organized in pairs
are presumably transcribed together, because three genes are located
next to the 5′ ribosome binding site and the tandem genes are located
directly behind their suitable partners. This suggested that in all three
cases the putative cell wall channels are organized as heterooligomers
as has already been demonstrated for NfpA and NfpB of N. farcinica
ATTC 3318 [16]. This means that the situation for N. farcinica is
completely different to M. smegmatis, where four different homolo-
gous single genes (mspA,mspB,mspC andmspD) code presumably for
homooligomeric cell wall channels [35] that could replace MspA forthe uptake of nutrients. Two proteins would be necessary in the case
of N. farcinica for the same task.
It is noteworthy that all these ORFs code for proteins (see Fig. 8)
with a signal sequence indicating that the proteins are exported out of
the cell using the Sec-apparatus. The cleavage site for the signal
sequence of NfpA and NfpB is clear from N-terminal sequencing of the
87 kDa protein (compare Fig. 1) suggesting that the mature proteins
start with aspartic acid (arrow in Fig. 8). For the other four subunits it
is presumably the same site as suggested from computational analysis
of the precursor proteins. It is noteworthy that also the different
cell wall channel subunits ofM. smegmatis are produced as precursors
[25,35]. The major cell wall channel proteins of C. glutamicum and
C. diphtheria contain in contrast to this only the initiater methionine
but no signal sequence indicating that they are exported by an
alternative but yet unknown pathway [15,20].4.3. NfpA and NfpB form a heterooligomeric channel
Plasmids were constructed containing the single genes nfpA and
nfpB. E. coli BL21DE3Omp8 was transfected with these plasmids and
His10-tagged proteins were expressed and puriﬁed to homogeneity
using afﬁnity chromatography. Interestingly, neither NfpA nor NfpB
alone were able to form channels in the lipid bilayer assay. Only when
the two proteins were mixed together following a renaturation
procedure used previously for the crystallization of MspA [18] it was
possible to reconstitute channels into lipid bilayer membranes. The
electrical characteristics of these channels were identical to those
obtained previously for the 87 kDa protein of N. farcinica ACCT 3318.
This means that the single channel conductance, its dependence on
aqueous pH and the asymmetric voltage dependence were the same
as reported previously and were not inﬂuenced by the factor XA
recognition site (AEGR) and the His10-tag. These results suggest that
Fig. 8. Amino acid sequence alignment of hypothetical proteins Nfa15890, Nfa33400 and Nfa49590. The alignment was performed using Pole Bioinformatique Lyonnaise Network
Protein Sequence Analysis (http://npsa-pbil.ibcp.fr). The transcriptional genes coding for these proteins are located next to the 5′ ribosome binding site. Amino acids identical in all
three proteins are highlighted in green, conserved amino acid residues are given in blue and identical amino acids within only two proteins are highlighted in yellow. The predicted
N-terminal cleavage sites of all three hypothetical proteins are marked by an arrowhead. The ﬁrst seven amino acids derived from the N-terminal 21 amino acids containing partial
peptide sequence of the native N. farcinica protein are in bold and underlined in Nfa15890 and Nfa15900.
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orientation as the previously characterized 87 kDa protein and
represent indeed the subunits of the cell wall channel of N. farcinica
[16].
4.4. Structure of the NfpA/NfpB channel
The 3D-structure of MspA of M. smegmatis is known from X-ray
analysis of crystals (see Graphical Abstract) [18]. EightMspAmonomers
form a homooctameric goblet-like conformation with a single central
channel. The amino acid comparison between Nfa15890, Nfa15900 and
MspA (see Fig. 7) suggested that NfpA and NfpB show a certain
homology with one another and to MspA. These three proteins have
approximately the same length and share a sequence identity of 11%.
Alanines and glycines are remarkably often conserved within the three
sequences indicating that the secondary structure of the polypeptides
may contain many beta-strands. This was conﬁrmed by secondary
structure analysis of NfpA and NfpB using different secondary structure
prediction procedures (e.g.: http://psfs.cbrc.jp/tmbeta-net/ or http://
scratch.proteomics.ics.uci.edu), which suggested the possibility of at
least eight beta-strands in their primary sequence whereas the alpha-
helical content in all sequences is negligible. It is noteworthy that
alignments of the three proteins (http://bioinfo.genopole-toulouse.prd.
fr/multalin/) suggested many of these predicted beta-strands are
located in the vicinity of the twelve beta-sheet domains that are present
in the crystal structure of the MspA monomer [18]. This indicates that
NfpAandNfpBmay together formachannel that is structurally related to
that formed by MspA (see the graphical abstract). In contrast to MspA,
NfpA and NfpB form only together a hetero-oligomeric channel in the
mycolic–acid layer of the cell wall of N. farcinica. The stoichiometry of
the channel is not clear yet. However, it seems to be likely because of
symmetrical reasons that four NfpAs and four NfpBs form the cell wall
channel of N. farcinica.
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